ABSTRACT
INTRODUCTION

35
Carbon Capture and Storage (CCS) has drawn significant attention in the last decade as one solution 36 to reduce the emissions of Carbon Dioxide (CO 2 ) into the atmosphere and decelerate, and potentially 37 reverse, the rate of global warming. This is achieved by capturing CO 2 from large sources such as 
60
The term line-packing is most generally used to describe the storage capabilities of natural gas 61 pipelines during times when the pipeline is temporarily used as a storage vessel. In natural gas 
74
In this study, the flexibility to line-pack a pipeline is assessed by determining the time available for an 75 operator to store dense phase CO 2 in the pipeline before having to shut down the pipeline and 76 potentially vent CO 2 at the capture plant. This time period is termed the "line-packing time". Natural 77 gas benefits from a significantly higher compressibility factor; therefore line-packing is an established 78 and proven tool in natural gas applications. 
111
The methodology adopted and the input data assumed is described in detail in the following sections. 
164
An inlet pressure to the pipeline system of 110bara has been selected, which is considered to be 165 appropriate given the scale of distances that could be faced in the UK in future developments of CCS 166 networks and has also been used in similar studies (Sanchez Fernandez et al, 2014) . Using Equation
167
(1) it is therefore possible to calculate the minimum wall thickness required to satisfy this stress based 168 design condition. Although EN ISO 3183 (2012) does not specify discrete wall thicknesses, the 169 approach that has been adopted here is to select the standardised pipeline sizes specified in ISO 4200 170 (1991) . Therefore, once the minimum wall thickness has been calculated, the next available increased 171 wall thickness is chosen. For example, for D o = 457mm, the minimum wall thickness would be calculated to be 7.76mm, using the data outlined above, and therefore the next standardised pipeline 173 size of 8.0mm was selected. 
220
In addition to the pipelines designed in Table 2 , a further 13 pipelines were included in the 221 investigation, to study the effects of inlet pressure on the line-packing time. For these pipelines
222
(detailed in Table 3 ), the design criteria were slightly different from those described previously. In 223 order to investigate the effect of varying inlet pressure, the outlet pressure from the pipeline was set at 224 90 bara (pipeline numbers 76-81 in Table 3 ). The inlet pressure was determined using the hydraulic Δx is the width of the pipeline segment and Δt is the numerical time step. Courant numbers less 252 than 1 will assure the stability of the numerical solution (Anderson, 1995) . For this study, the width of 253 pipeline segment (Δx) is 1.3 m and setting the numerical time step to the order of 0.01s gives 254
Courant numbers ranging from 0.5 to 0.7 for the scenarios studied.
256
The input parameters used in the transient analysis are the same as those selected for the steady state 257 analysis, unless otherwise stated, and are presented in Table 1 .
259
Line-packing Results
260
The results of the line-packing study for every pipeline are presented in Table 2 and Table 3 
where t is the line-packing time in seconds (s), (%SMYS) is the stress in the pipeline expressed as a percentage of the materials SMYS and a, b and c are coefficients. This trendline has been fitted to the 279 data in Fig. 1 and the relevant coefficients are provided in 
284
It would be expected that, as the mass flow rate increases the line-packing time should decrease due to 285 the increased amount of fluid entering the pipeline. which could mean that the operator can avoid having to shut-in the pipeline.
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305
The effect of changing the outlet pressure of the pipeline on line-packing time was also investigated.
306
The results of this analysis are presented in Table 3 
367
The weights and biases in the model were determined iteratively in order to achieve the optimum 368 performance of the network. Network performance was measured by calculating the mean-squared 369 error (MSE) and R value of the output predictions. The target was to achieve an MSE close to zero 370 and an R value close to one to attain the most accurate predictions from the model. 
394
The MSE results from the two ANNs developed are shown in 
400
To conduct a sensitivity analysis of the line-packing time to changes in the input variables, noise was 401 added to the input data by adding a random normal distribution using the same seed for each set of 402 input data to ensure that the same set of random numbers were generated. The mean of the input 403 distribution was taken to be 0.2% of the average of each input and the standard deviation was fixed at 404 0.5 to ensure that the input data was still physically coherent i.e. no negative pipeline dimensions were 405 generated. The predictions of the ANN models using the 'noisy' data as input for all 81 pipelines were 406 compared against those generated using the standard input data. In order to ascertain the importance 407 of the variables, the mean squared errors between the noisy and original predictions were compared 408 for each input variable. These results are shown inTable 6. From Table 6 it can be seen that the wall Table 7 show that, at the baseline flow rate, the line-packing time can be 433 doubled by changing the wall thickness by 20%. The difference is even higher at higher flow rates, 
